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ABSTRACT 


As  part  of  a  program  to  uncover  the  Influence  of  Induced  surface 
vibrations  on  the  stability  of  a  shear  flow  boundary  layer,  investi¬ 
gations  have  been  performed  utilizing  a  localized  surface  source  of 
acoustic  energy  to  generate  disturbances  in  a  laminar  boundary  layer 
flow.  Ejqjlorations  have  been  carried  out  over  a  frequency  range  of 
from  50  to  10,000  cps,  using  input  sound  pressure  levels  of  up  tc 
145  db  re  0.0002  dyres/cm^.  Results  are  presented  which  Indicate  the 
effect  of  sonic  p'-.rameters  (frequency,  amplitude)  on  both  the  mean 
and  fluctuating  components  of  the  boundary  layer  flow.  Induced 
boundary  layer  oscillations  are  discussed,  where  appropriate,  in  terms 
of  the  st-^’-lllty  theory  of  Tollmlen  and  Schllchtlng,  Studies  of  dis¬ 
tortion  of  boundary  layer  oscillations  are  described  and  the  role  of 
such  distortion  in  producing  transition  is  discussed.  Nonlinear 
secondary  ilowc  (streaming)  generated  by  the  localized  source  are  also 
treated.  Exploration  of  the  influence  of  sonic  excitation  on  prema¬ 
ture  transition  produced  both  by  increasing  the  free  stream  turbulence 
level  and  by  use  of  a  tripping  wire  are  described. 

Results  indicate  that  localized  excitation  a;’iects  the  stability 
of  the  laminar  boundary  layer  in  accorda’^ce  with  results  first  obtained 
by  Schubauer  and  his  co-workers  employing  a  different  experimental 
system.  In  the  case  of  the  tripping  wire,  results  indicate  that 
excitation  of  a  certain  frequency  and  amplitude  can  Interact  with 
the  periodic  vortex  shedding  in  such  a  way  as  to  forestall  premature 
transition.  In  no  case  have  localized  sonlcally  Induced  flows 
(streaming)  been  found  to  Influence  the  incipient  processes  which 
govern  transition. 


ill 


TABLE  OF  CONTENTS 


SECTION  PAGE 

I  INTRODUCTION  1 

II  EXPERIMENTAL  SYSTi?.’  AND  ITS  CHARACTERISTICS  4 

A  Wind  Tunnel  4 

B  The  Test  P-dy  5 

C  Instrumentectlon  for  Mean  Velocity  and  Turbulence 

Measurements  7 

III  EXPLORATORY  STUDIES  -  WIND  TUNNEL  AND  SONIC 

EXCITATION  SYSTEM  9 

A  Flow  Characteristics  of  the  Tunnel  9 

B  Mean  Boundary  Layer  Profile  Above  the  Test  Body  11 

C  Characteristics  of  the  Sonic  Excitation  System  12 

1  The  Driving  System  12 

2  Calibration  Techniques  13 

3  The  acoustic  Velocity  Distribution  Near  the 

Source  ]4 

IV  THE  EFFECT  OF  LOCALIZED  SONIC  EXCITATION  ON  THE 

LAMINAR  BOUNDARY  LAYER  15 

A  Gross  Interaction  Effects  15 

B  Effect  of  Excitation  Frequency  on  Boundary 

Layer  Stability  l6 

C  Tollmlen-Schllchtlng  Theory  of  Stability  17 

D  Comparison  of  Experimentally  Determined  Critical 

Frequencies  with  Tollmien  Schlichting  Stability 
Criteria  l8 

E  Distribution  of  Sonlcally-Produced  Fluctuations 

in  the  Boundary  Layer  19 

F  Amplification  and  Distortion  of  Boundary  Layer 

Fluctuations  20 

Iv 


TABLE  OF  CONTENTS  (CONTINUED) 

SECTION  PAGE 

IV  G  Effect  of  Sonic  Excitation  on  the  Mean  Boundary 

Layer  Velocity  Profile  23 

V  EFFECT  OF  SONIC  EXCITATION  ON  INDUCED  TRANSITION  24 

A  Transition  Phenomena  Produced  by  Increasing  the 

Free  Stream  Turbulence  Level  24 

E  Transition  Induced  by  Means  of  a  Tripping  Wire  24 

VI  NONLINEAR  SONIC  PHENOMENA  26 

VII  SUMMARY  AND  CONCLUSIONS  2? 

VIII  AREAS  FOR  FURTHER  STUDY  29 

REFERENCES  31 


V 


LIST  OP  ILLUSTRATIONS 


FIGURE 

PAGE 

1 

Cross  Sectional  View  of  the  Wind  Tunnel 

33 

2 

Cross  Sectional  View  of  the  Test  Body  and  Sonic 
Excitation  System 

34 

3 

Block  Diagram  of  Hot  Wire  Anemometer  System 

35 

4 

D.C.  Velocity  Distribution  Across  Test  Section 

36 

5 

Turbulence  Level  -  Vertical  Distribution  In 

Test  Section  -  Test  Body  Absent 

37 

6 

Typical  Turbulence  Spectrum  near  Center  of  Test 
Section 

38 

7 

Measured  D.C.  Velocity  Distribution  Across  the 
Laminar  Boundary  Layer  on  the  Test  Body 

39 

8 

Oscillatory  Velocity  at  the  Circumferential  Slit 
vs.  Frequency  -  Constant  Excitation  Level 

40 

9 

Variation  In  Oscillatory  Velocity  Amplitude  with 
Distance  from  Source 

41 

10 

Turbulence  Spectra  for  Various  Sonic  Excitation 
Levels 

42 

11 

Excitation  of  Turbulence  by  Sound 

43 

12 

Comparison  of  the  "Critical"  Frequencies  with  the 
Theoretical  Stability  C”rve 

44 

13 

A.C.  Velocity  Profile  as  a  Function  of  Distance 
from  Test  Body  -  Excitation  Frequency  :  l80  cps 

45 

14 

A.C.  Velocity  Profile  as  a  Function  of  Distance 
from  Test  Body  -  Excitation  Frequency  ..  320  cps 

46 

15 

A.C.  Velocity  Profile  as  a  Function  of  Distance 
from  Test  Body  -  Excitation  Frequency  ;  90  cps 

47 

16 

A.C.  Velocity  Profile  as  a  Function  of  Distance 
from  Test  Body  -  Excitation  Frequency  ;  780  cps 

48 

1  n 

1 

Boundary  Layer  Disturbances  for  Vcirlous  Excitation 
Frequencies  and  Amplitudes 

vi 

49 

I 1ST  OP  ILLUSTRATIONS  (CONTINUED) 


FIGURE 

PAGE 

18 

Boundary  Layer  Disturbances  for  Various 

Excitation  Amplitudes  -  Harmonic  Analysis 

50 

19 

Boundary  I.ayer  Fluctuations  at  Various  Distances 
Downstream  of  the  Localized  Sound  Source  Located 
at  X  =  12" 

51 

20 

Boundary  Layer  Disturbances  at  Various  Downstream 
Points  -  Harmonic  Analysis 

52 

21 

Spectrum  Analysis  of  Sonlcally  Induced  Boundary 
Layer  Fluctuations  at  Various  Distances  along 

Test  Body 

53 

22 

Mean  Velocity  Profiles  Obtained  in  the  Presence  of 
Sonic  Excitation 

54 

23 

Minimum  Sound  Particle  Velocities  Required  to  Cause 
Transition  for  a  Free  Stream  Turbulence  Level  of 

1 .3  Percent 

55 

2k 

Minimum  Sound  Particle  Velocities  Required  to  Cause 
Turbulence  In  the  Presence  of  a  Tripping  Wire 

56 

vil 


SECTION  I 


INTRODUCTION 

The  transition  of  a  shear  flow  boxindary  layer  from  laminar  to 
turbulent  flow  forms  one  of  the  major  problem  areas  of  the  aeronau¬ 
tical  sciences.  Associated  with  this  transition  are  such  phenomena 
of  practical  importance  as  marked  changes  In  the  drag  and  heat  trans¬ 
fer  rate  when  the  flow  becomes  turbulent.  Attempts  to  obtain  a  de¬ 
tailed  understanding  of  the  mechanisms  by  which  transition  occurs 
have  been  the  subject  of  many  outstanding  Investigations  over  the 
years  (Refs.  1-7).  While  these  Investigations  have  greatly  contribu¬ 
ted  to  an  understanding  of  the  mechanisms  of  transition,  much  Is  yet 
to  be  learned  about  the  detailed  physical  aspects  of  the  problem  and 
possible  means  for  Its  control. 

The  present  report  describes  Initial  results  of  an  Investigation 
which  Is  being  carried  out  by  Bolt  Beranek  and  Newman  Inc.,  under 
cognizance  of  the  Aeronautical  Research  Laboratory,  to  ascertain  the 
Influence  of  sonic  excitation  on  the  shear  flow  boundary  layer  which 
exists  adjacent  to  a  surface  exposed  to  a  parallel  steady  flow. 

The  primary  objective  of  our  work  Is  to  increase  our  fundamental 
understanding  of  the  mechanisms  by  which  oscillations  Initiated  at  the 
surface  of  v.he  test  body  and  introduced  Into  the  boundary  layer.  In¬ 
fluence  the  stability  of  the  flow.  Such  knowledge  should  form  a  basic 
link  to  the  ovei-all  problem  of  analyzing  the  Influence  of  sonic  excita¬ 
tion  on  the  drag  and  heat  transfer  characteristics  of  fluid  flow  past 
an  object. 

The  concept  of  utilizing  sonic  or  ultrasonic  oscillations  to  con¬ 
trol  the  stability  of  a  boundary  layer  Is  not  a  new  one.  Indeed,  the 
original  motivation  for  the  studies  reported  on  here  was  provided  by 
a  German  patent  which  proposed  that  drag  experienced  by  an  airfoil 
could  be  effectively  reduced  by  providing  sonic  excitation  of  the  sur¬ 
face  "skin"  of  the  airfoil.  Although  the  exact  processes  by  which 
such  drag  reduction  might  be  accomplished  are  not  discussed  In  the 
patent,  the  concept  presented  does  give  rise  to  the  question  as  to 
whether  or  not  localized  sonic  excitation  of  a  bouridary  layer  can  have 
any  beneficial  effect  on  its  stability.  In  particular,  one  might  ask 
If  transition  of  a  boundary  layer  from  the  laminar  to  the  turbulent 
regime  can  In  any  way  be  forestalled  by  Inducing  oscillations,  other 
than  those  normally  present,  into  the  boundary  layer. 

It  Is  well  known  that  the  shape  of  the  velocity  profile  In  bound¬ 
ary  layer  flow  affects  the  stability  of  the  boundary  layer  In  a  fun¬ 
damental  way.  This  profile  can  be  Influenced  by  several  external  fac¬ 
tors.  In  the  work  desci’lbed  here,  we  have  Investigated  the  Influence 
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on  the  shape  of  velocity  profile  produced  by  localised  vibration  of 
the  surface  adjacent  to  the  flow. 

Adequate  Investigation  of  such  phenomena  would,  of  course,  re¬ 
quite  several  years  of  research  effort.  In  the  present  study,  however, 
we  have  confined  our  attention  to  one  specific  problem,  namely;  as¬ 
certaining  the  Influence  of  a  highly  localized  oscillatory  surface 
excitation  on  an  adjacent  boundary  layer  flow. 

The  localized  source  is  of  Interest  since  it  generates  a  bound¬ 
ary  layer  disturbance  which  la  initially  confined  to  a  small  region 
of  the  surface,  and  thus  does  not  simultaneously  Induce  disruption  of 
the  normal  flow  situation  at  all  points  on  the  surface.  Furthermore, 
such  a  source  Is  known  to  generate  highly  localized  time  Independent 
secondary  flows.  The  latter  appear  In  the  form  of  small  circulations 
which  are  confined  to  a  thin  layer  of  the  fluid  medium  adjacent  to  the 
source.  For  situations  to  be  encountered  here,  this  layer  Is  usually 
mucn  thinner  than  the  normal  shear  flow  boiondary  layer.  speed  of 

these  circulations  varies  as  the  square  of  the  acoustic  (oscillatory) 
particle  velocity,  and  thus  they  may  be  Important  at  moderately  high 
acoustic  Intensities. 

A  question  thus  arises  as  to  whether  or  not  such  sonlcally  In¬ 
duced  steady  flow  (commonly  termed  acoustic  streaming)  can  signifi¬ 
cantly  Influence  the  local  shear  flow  velocity  profile  and  thereby  In¬ 
fluence  the  stability  characteristics  of  the  boundary  layer. 

Accordingly,  In  our  present  work,  we  have  aimed  at  answering  the 
following  questions,  namely:  l)  Can  localized  oscillatory  surface  ex¬ 
citation  of  sher.’.flow  boundary  layer  have  any  Influence  on  Its  sta¬ 
bility  characteristics,  other  than  to  Initiate  an  unstable  Tollmlen- 
Schllchtlng  wave;  2)  Can  secondary  sonlcally  Induced  steady  flows 
(l.e.,  acoustic  streaming)  be  of  sufficient  magnitude  so  as  to  modify 
the  normal  boundary  layer  velocity  distributions  and  thereby  Influence 
stability? 

Results  Indicate  that  the  answer  to  both  of  the  questions  framed 
above  Is  negative.  In  no  case  studied  has  It  been  possible  to  observe 
any  Influence  of  localized  surface  excitation  on  the  Incipient  pro¬ 
cesses  which  govern  natural  transition  of  a  boundary  layer  flow  other 
than  those  expected  on  the  basis  of  conventional  stability  theory. 

Furthermore,  for  the  situations  studied,  here  sonlcally  Induced 
steady  flows  within  the  boundary  layer  (acoustic  streaming)  are  found 
to  have  no  measurable  Influence  on  Its  stability.  Information  obtained 
In  the  course  of  this  study  does,  however,  provide  some  detailed  in¬ 
sight  as  to  the  role  of  locf.l  sonlcally  Induced  boundary  surface  os¬ 
cillations  on  the  stability  of  the  laminar  boundary  layer. 
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We  have  essentially  divided  our  work  Into  three  phases: 

1)  Studies  of  the  Influence  of  sound  on  both  steady 
and  osclllatoi-y  laminar  boundary  layer  velocity 
profiles  well  upstream  of  the  point  of  natural 
transition j 

2)  Studies  of  the  effects  produced  by  sonic  excitation 
on  transition  Introduced  by  a  tripping  wire  upstream 
of  the  localized  acoustic  source,  and 

3)  Studies  of  the  effects  of  sonic  excitation  produced 
near  the  point  of  natural  transition. 

The  resilts  of  these  studies  are  presented  In  the  following 
sequence:  Section  TI  contains  a  detailed  description  of  the  experi¬ 
mental  system  employed  In  our  Investigations.  Evaluation  studies  per¬ 
formed  to  ascertain  the  characteristics  of  the  wind  tunnel  and  sonic 
excitation  system  are  discussed  in  Section  III.  Section  IV  presents 
results  of  a  detailed  study  of  the  Influence  of  sonic  excitation  on 
the  laminar  boundary  layer,  viewed  In  the  light  of  conventional  linear 
stability  theory.  In  Section  V,  the  Interaction  between  the  sonic 
disturbances  and  turbulence  Induced  both  by  means  of  a  tripping  wire 
and  by  Increases  In  the  free  stream  turbulence  Is  described.  Section 
VI  contains  a  discussion  of  the  roles  of  secondary  acoustic  phenomena 
In  Influencing  the  shear  flow  boundary  layer.  A  summary  of  these 
studies  and  conclusions  based  thereon  are  presented  in  Section  VII. 
Section  VIII  discusses  areas  where  further  studies  would  be  useful. 
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SECTION  II 


EXPERIMENTAL  SYSTEM  AND  ITS  CHARACTERISTICS 

The  experimental  program  necessitated  the  design^  construction, 
and  evaluation  of  two  major  equipment  Items,  namely,  a  low  turbulence 
wind  tunnel  and  a  test  body  which  Incorporates  a  localized  source  of 
acous+-lc  energy  at  Its  surface.  Evaluations  of  these  Items  were  car¬ 
ried  out  by  use  of  a  hot  wire  anemometer  system.  Each  of  these  Items 
Is  described  subsequently  In  detail. 

A.  WIND  TUNNEL 

The  wind  tunnel  was  designed  In  collaboration  with  Professor 
Ascher  Shapiro,  of  the  Department  of  Mechanical  Engineering  at  the 
Massachusetts  Institute  of  Technologsy.  The  tunnel  Is  an  Induction  type 
of  square  cross  section,  and  has  an  overall  length  of  30  ft.  The  test 
section  Is  approximately  l6  Inches  square  by  6  feet  In  length.  A  cross ' 
sectional  view  of  the  tunnel  Is  shown  In  Figure  1.  To  achieve  low  tur¬ 
bulence  levels  In  the  test  section,  a  suitably  contoured  transition 
section  of  contraction  ratio  l6  Is  used  to  couple  to  a  64  Inch  square 
Inlet  section.  The  latter  contains  a  15  Inch  deep  honeycomb  composed 
of  1/2  Inch  hexagonal  cells  In  front  of  three  #l6  mesh  screens,  mounted 
In  tandem,  followed  by  three  #30  mesh  screens  to  reduce  the  turbulence 
of  the  flow  before  It  enters  the  transition  section.  The  separation 
between  screens  Is  approximately  5  Inches. 

Since  low  ambient  noise  levels  In  the  test  section  are  a  pre¬ 
requisite  for  successful  experiments  Involving  sonic  excitation,  a 
muffler  has  been  provided  between  the  downstream  end  of  the  test  body 
and  the  centrifugal  blower  which  provides  the  flow.  This  muffler  Is 
of  the  deep  treatment  type  described  by  Cremer  (Ref.  8),  and  Is  effec¬ 
tive  at  frequencies  as  low  as  about  20  cps.  The  duct  through  the  muf¬ 
fler  section  has  been  tapered  so  that  It  also  acts  as  a  diffuser  for 
the  flow.  An  eight  foot  glass  fiber  wedge  Is  placed  In  the  duct 
through  the  muffler  section  to  absorb  high  frequencies.  This  arrange¬ 
ment  provides  a  significant  reduction  of  blower-generated  noise  In  the 
test  section. 

The  room  In  which  the  tunnel  Inlet  Is  located  acts  as  a  settling 
chamber.  False  ceilings  have  been  removed  from  this  room  and  that 
containing  the  blower.  The  plenum  above  thus  acts  as  the  return  flow 
loop  of  the  tunnel. 

The  blower  is  a  Westlnghouse  type  3024  driven  by  a  2  hp  motor 
which  provides  a  maximum  flow  of  6000  cfm.  This  places  an  upper  limit 
of  approximately  70  ft/sec  on  flow  speeds  In  ihe  test  section.  This 
limit  can  be  Increased  If  necessary  by  use  of  a  faster  drive  arrange¬ 
ment  on  the  blower,  or  by  decreasing  the  cross-sectional  area  of  the 
test  section.  Flow  speed  Is  varied  both  bv  meanR  of  a  variable  soeed 
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drive  and  a  choke  arrangement  on  the  exhaust  of  the  blower.  The  blower 
Is  mounted  on  spring  type  Isolation  mounts  to  reduce  structure-borne 
vibration  and  Is  connected  to  the  muffler  section  by  means  of  a  flex¬ 
ible  coupling  as  shown  In  Figure  1. 

The  tunnel  Is  constructed  mainly  of  plywood  and  was  fabricated  by 
the  F.  W.  Dixon  Co.,  Cambridge,  Massachusetts.  Salient  flow  character¬ 
istics  of  the  tunnel  are  described  In  a  later  section  of  this  report. 

B.  THE  TEST  BODY 

The  test  body  enq;>loyed  In  conjunction  with  the  wind  tvmnel  Is 
shown  In  Figure  2.  Since  the  shear  flow  boundary  layer  associated 
with  a  flat  plate  geometry  has  been  a  subject  of  Intensive  Investiga¬ 
tion,  both  from  an  erperlmental  and  theoretical  point  of  view,  and  Is 
reasonably  well  understood,  we  had  originally  plcnned  to  employ  a  flat 
plate  mounted  near  the  center  line  of  the  tunnel.  Subsequent  study  In¬ 
dicated,  however,  that  the  advantages  of  a  flat  plate  could  be  retained 
If  a  properly  designed  test  body  of  cylindrical  cross  section  were  used, 
and  that  the  cylindrical  geometry  presented  two  additional  advantages. 
These  are: 

l)  In  any  duct  of  non-circular  cross  section  secondary  flows 
occur  transverse  to  the  axis  of  the  main  stream  flow 
(Ref.  9)-  While  these  flow  speeds  are  typically  quite 
small  conpared  to  the  mean  flow  through  the  duct,  they 
can  be  of  the  same  order  of  magnitude  as  typical  acoustic 
perturbation  speeds.  Thus,  If  acoustic  phenomena  are  to 
be  considered  as  possible  perturbation  mechanisms  In  the 
shear  flow  boundary  layer,  duct-generated  secondary  flows 
should  obviously  be  avoided  or  at  least  minimized.  The 
Ideal  way  to  accomplish  this  would  be  to  enploy  a  cylin¬ 
drical  test  body  In  a  cylindrical  tunnel.  However,  from 
the  standpoints  of  time,  economy,  and  ease  of  fabrication, 
the  geometry  of  a  square  timnel  with  a  cylindrical  test 
object  has  been  chosen  as  a  best  compromise. 

Aerodynamical ly,  flow  psjt  a  cylindrical  test  body  Is 
analogous  to  the  situation  of  two-dimensional  flow  over 
a  semi -Infinite  flat  plate,  as  long  as  typical  boundary 
layer  displacement  thicknesses  are  small  compared  to  the 
curvature  of  the  cylindrical  test  body.  For  the  test  body 
employed  here,  this  condition  Is  fulfilled  except  In  the 
vicinity  of  the  forepolnt  of  the  ellipsoidal  nose  piece. 

As  will  be  seen  In  the  next  section,  effects  produced  by 
this  contoured  nose  piece  necessitate  defining  an  equiva¬ 
lent  leading  edge  in  order  that  the  flat  plate  analogy  be 
a  valid  one.  However,  once  the  position  of  this  equivalent 
leading  edge  Is  obtained,  the  analogy  between  our  geometry 
and  the  flat  plate  Is  found  to  hold  quite  well. 
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2)  The  use  of  a  cylindrical  test  body  allows  placement  of  the 
sound  generator  within  the  test  object  Itself.  ITils  elimi¬ 
nates  external  protuberances  on  the  body  which  might  In¬ 
terfere  with  the  flow  over  the  object.  If  such  Interfer¬ 
ence  occurred.  It  would  probably  be  necessary  to  provide 
a  rather  elaborate,  and  no  doubt  costly,  means  to  allow 
the  flow  to  bypass  the  externally  Instnunented  test  body 
downstream  of  the  observation  area. 

The  method  used  to  generate  localized  oscillations  at  the  surface 
of  the  test  body  Is  also  shown  In  Figure  2.  l^e  sound  source  Is  a 
small  loudspeaker  moianted  coaxially  within  the  cylindrical  body.  The 
sound  Is  injected  Into  the  external  medium  by  means  of  the  clrcvunfer- 
entlal  opening  on  the  body.  The  width  of  this  opening  can  be  varied 
by  moving  the  forward  section  of  the  test  body  along  the  shaft  as 
shown  In  the  figure. 

In  this  way,  one  has,  in  effect,  a  small  vibrating  piston  -  con¬ 
sisting  of  the  mass  of  moving  air  In  the  silt  -  which  excites  the 
boundary  layer  adjacent  to  the  test  body.  The  advantages  of  this 
system  are  fourfold: 

1)  It  Is  easy  to  construct,  as  It  has  no  moving  parts. 

2)  The  Inertia  of  the  piston  l3  Just  the  plug  of  air  In 
the  slot.  This  plug  of  air  can  be  excited  Into  motion 
much  more  readily  than  a  solid  piston,  thus  reducing 
the  source  power  requirements. 

3}  Quite  a  bit  of  Information  has  been  gathered  on  the 
acoustic  streaming  flow  associated  with  such  a  source. 

4)  Mechanical  piston  systems  are  always  such  that  they  are 
operated  only  at  specific  frequencies  and  an^lltudes 
corresponding  to  the  resonant  frequencies  of  the  system. 

The  alr-plston  can  be  operated  over  a  much  wider  range 
of  frequencies,  and  Is  thus  more  useful  as  axi  explora¬ 
tory  tool. 

The  forepart  of  the  test  section  consists  of  an  appropriately 
contoui^d  nose  section  to  permit  smooth  buildup  of  the  laminar  bound¬ 
ary  layer.  The  cylinder  Is  mounted  on  a  thin  metal  plate,  which 
rests  on  the  floor  of  the  tunnel  test  section,  by  means  of  three 
struts.  These  struts  have  a  cross  section  corresponding  to  that  of  a 
NACA  65-009  Laminar  Plow  Airfoil  In  order  to  minimize  Interference 
with  the  flow  In  the  test  section.  The  entire  assembly  can  be  moved 
along  the  axis  of  the  test  section. 

There  are,  of  course,  also  some  disadvantages  associated  with 
such  an  arrangement.  As  noted  above.  It  Is  necessary  to  determine 
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the  "equivalent  leading  edge"  of  such  a  test  body  In  order  to  treat 
the  flow  as  being  similar  to  that  of  two  dimensional  flow  over  a 
flat  plate.  In  addition,  if  this  analogy  is  to  hold,  studies  must 
be  confined  to  situations  where  the  boundary  layer  displacement  thick¬ 
ness  is  small  compared  to  the  curvature  of  the  test  cylinder.  Finally, 
with  the  sonic  system  enployed  here,  efficient  excitation  can  be  pro¬ 
vided  only  up  to  a  frequency  of  about  10  kc. 

However,  results  Indicate  that  these  restrictions  have  not  im¬ 
posed  serious  limitations  on  the  scope  of  our  experimental  studies. 

One  ^rther  point  should  be  noted,  namely,  the  question  as  to  the 
effect  of  the  circumferential  slit  Itself  on  the  stability  of  the  lami¬ 
nar  boundary  in  the  absence  of  sonic  excitation.  Measurements  Indicate 
that,  for  sufficiently  small  slit  widths,  the  slit  of  Itoelf  does  not 
give  rise  to  boundary  layer  Instability, 

C.  INSTRUMENTATION  FOR  MEAN  VELOCITY  AND  TURBULENCE  MEASUREMENTS 

A  block  diagram  of  the  anemometer  system  employed  in  measuring 
both  mean  and  fluctuating  velocity  components  is  shown  in  Figure  3. 

The  basic  component  of  the  system  is  a  model  HWB  Flow  Corporation 
Hot  Wire  Anemometer  unit.  This  unit  consists  of  a  D.C.  bridge  net¬ 
work  for  measurement  of  steady  velocity  components;  fluctuating 
velocity  conponents  ar<.‘  measured  by  feeding  the  output  of  the  bridge 
circuit  into  an  amplifier  which  incorporates  a  frequency  compensation 
network.  Such  oonpensation  is  necessary  to  nullify  the  Increased  lag 
in  response  of  the  hot  wire  to  fluctuating  signals  as  their  frequency 
increases.  For  the  system  employed  here,  compensation  is  needed  for 
fluctuations  above  100  cps.  The  compensation  network  is  adjusted  by 
means  of  a  square  wave  calibrator  incorporated  in  the  HWB  unit.  When 
correctly  vionpensated,  the  output  of  the  amplifier  closely  reproduces 
the  fluctuations  measured  by  the  hot  wire  probe. 

The  compensation  network  has  the  detrimental  characteristic  that 
as  the  frequency  of  the  input  signal  Increases,  the  electrical  noise 
output  of  the  amplifier  also  Increases.  It  is  therefore  customary  to 
employ  a  low-pass  filter  between  the  amplifier  output  and  the  metering 
apparatus  as  shown  in  Figure  3.  Measurements  have  indicated  that  most 
of  the  energy  due  to  fluctuating  velocity  components  is  confined  to 
the  frtiquency  region  below  5000  cps.  For  this  reason,  a  5000  cps  low- 
pass  filter  was  employed  to  eliminate  undeslred  high  frequency  noise. 

The  output  of  the  amplifier  can  be  fed  either  directly  into  an 
oscilloscope  and  random  signal  voltmeter  connected  in  parallel,  or,  if 
a  spectral  emalysls  of  the  fluctuating  velocity  component  is  desired, 
through  a  1/3  octave  band  filter.  The  random  signal  voltmeter  em¬ 
ployed  here  is  a  true  rms  voltmeter  having  a  varl?»’*'le  integration  time. 
One  can  thus  obtain  a  short  or  long  term  root  mean  squazHi  value  of  the 
magnitude  of  the  fluctuating  velocity  components. 
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The  hot  wire  probe  Is  calibrated  for  steady  flow  velocity  measure¬ 
ments  by  measuring  the  pressure  drop  between  the  Inlet  section.  Just 
past  the  screens,  and  the  exit  from  the  test  section.  The  mean  flow 
velocity  Is  then  calculated  on  the  basis  of  the  pressure  drop  and  cor¬ 
related  with  the  D.C.  current  necessary  to  balance  the  anemometer 
bridge.  For  determining  the  magnitude  of  small  fluctuating  velocity 
components  In  the  direction  of  the  mean  flow,  a  probe  can  be  calibra¬ 
ted  in  terms  of  the  rma  magnitude  of  the  fluctuating  component  u'  and 
mean  flow  velocity  by  means  of  the  equation 


u'  = 


(1) 


In  the  above  equation,  C  Is  a  constant  which  depends  upon  the  circuit 
parameters  of  the  anemometer  bridge,  I  and  I  represent,  respectively, 
the  current  needed  to  balance  the  bridge  for^a  mean  flow  Uq,  and  a 
zero  flow  condition.  The  term  e|  and  e^  represent,  respectively,  the 

rms  voltage  output  of  the  amplifier  developed  by  the  fluctuating  com¬ 
ponent  u'  and  that  produced  by  the  square  wave  (calibration)  generator. 
The  voltage  e^  represents  the  output  noise  level  of  the  hot  wire  system. 

Eq  (])  is  used  only  when  the  magnitude  of  the  fluctuating  velocity 
component  is  less  than  20%  of  the  mean  flow  velocity.  Above  this  level 
linearization  assumptions  Introduced  In  deriving  Eq  (l)  are  Invalid, 
and  a  more  exact  analysis  Is  required.  Furthermore,  since  the  oscilla¬ 
tory  velocity  Is  essentially  normal  to  the  metin  boundary  layer  flow  at 
positions  directly  above  the  center  of  the  slit,  Eq  (l)  cannot  be  em¬ 
ployed  to  determine  the  acoustic  particle  velocity  at  such  points. 

Values  of  u*  computed  at  such  points  b;  use  of  Eq  (l)  would  probably  be 
a  measure  of  the  periodic  changes  In  t  le  mean  flow  velocity  caused  by 
the  boundary  layer  "riding"  the  superl  posed  oscillation. 

A  more  direct  technique  for  mepsurlng  che  rms  excitation  velocity 
Is  discussed  In  the  next  section. 
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SECTION  III 


EXPLORATORY  STUDIES  -  WIND  TUNNEL  AND  SONIC  EXCITATION  SYSTEM 

Prior  to  the  start  of  the  experimental  Investigations  a  series  of 
evaluation  tests  were  performed  to  ascertain  the  aerodynamic  properties 
and  limitations  of  the  wind  tunnel  both  with  and  without  the  test  body 
Installed,  and  to  determine  the  basic  characteristics  of  the  acoustic 
field  generated  by  the  localized  source.  These  studies  -are  described 
below. 

A.  PLOW  CHARACTERISTICS  OP  THE  TUNNEL 

The  hot  wire  Instrumentation  Is  Installed  In  the  tunnel  In  such  a 
way  as  to  permit  two-dimensional  scanning  of  the  flow  field;  horizontal 
scanning  can  be  accomplished  In  a  vertical  plane  through  the  center 
line  of  the  tunnel  test  section  over  a  range  of  abcat  30  cm;  vertical 
scanning  can  be  accomplished  over  the  entire  distance  between  the  top 
and  bottom  walls  of  the  test  section.  Vertical  positions  of  the  probe 
can  be  determined  to  within  0.01  mm. 

A  typical  distribution  of  the  mean,  or  D.C.,  velocity  across  the 
test  section  (with  the  test  body  removed)  at  a  point  approximately  45 
cm  from  the  entrance  la  shown  in  Plgure  4.  The  co-ordinate  Z  has  Its 
origin  at  the  top  of  the  test  section.  One  observes  that  the  flow 
speed  Is  uniform  over  the  major  portion  of  the  test  section  and  de¬ 
creases  towards  zero  as  the  walls  are  approached.  It  will  be  noted 
that  the  flow  Is  not  symmetrical  about  the  center  line  of  the  test 
section,  but  that  the  velocity  begins  to  decrease  towards  the  top  wall 
at  first  rather  slowly  and  then  rather  rapidly  In  the  region  between 
the  top  wall  emd  a  point  about  8  cm  below.  The  reasons  for  the  lack 
of  symmetry  art  at  present  unknown. 

This  lack  of  symmetry  should  not  seriously  Influence  the  bound¬ 
ary  layer  flow  In  the  vicinity  of  the  test  body,  since  this  region  of 
non-ldeallzed  tunnel  flow  Is  at  least  6  cm  (approximately  15  times  the 
boundary  layer  thickness  assuming  typical  experimental  conditions) 
away  from  the  surface  of  the  test  body. 

Furthermore,  the  effect  of  this  region  of  asymmetry  was  Investi¬ 
gated  experimentally.  Various  combinations  of  steady  and  sonlcally 
Induced  (oscillatory)  components  of  the  flow  velocity  were  measured  at 
distances  ranging  from  near  zero  to  several  boundary  layer  thicknesses 
above  the  test  body.  In  no  cases  were  variations  In  flow  profiles  ob¬ 
served  at  distances  greater  than  1  to  2  cm  from  the  surface  of  the 
test  body. 

Typical  turbulence  levels  associated  with  the  D.C.  velocity  dis¬ 
tribution  presented  In  Figure  4  are  shown  In  Figure  5«  We  define 
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turbulence  level,  expressed  In  percent,  as  100  ^  ^  where  u'  Is  the 

rms  value  of  the  fluctuating  velocity  component  along  the  longitudinal 
axis  of  the  test  section,  and  U  Is  the  corresponding  value  of  the  D.c. 
flow  velocity. 

As  shown  In  Figure  5t  the  turbulence  levels  are  greatest  near  the 
walls  of  the  test  section.  Over  the  major  portion  of  the  test  section 
the  level  Is  relatively  uniform,  having  a  value  of  about  0.4jS  for  the 
Indicated  flow  speed  of  50  ft/sec.  Note  that  there  Is  an  asymmetry  lu 
the  turbulence  level  distribution  near  the  top  of  the  tunnel  wall,  cor¬ 
responding  to  the  asymmetry  In  the  D.C.  flow  field  discussed  earlier. 
Again,  measurements  Indicate  that  this  Is  not  a  source  of  Interference 
with  phenomena  occurring  near  the  boundary  layer  along  the  test  body. 

A  third  octave  band  analysis  of  the  turbulent  fluctuations  near 
the  center  of  the  test  section  Is  shown  In  Figure  6.*  It  will  be 
noted  that  most  of  the  free-stream  turbulent  energy  Is  contained  within 
the  frequency  range  100  to  3200  cps.  A  pronounced  peak  In  the  spectrum 
Is  seen  to  occur  at  a  frequency  of  1250  cps.  The  source  of  this  peak 
Is  uncertain.  It  Is  believed  to  be  a  residual  effect  produced  In  the 
test  section  by  the  vortex  shedding  which  occurs  behind  the  screens  up¬ 
stream  of  the  contraction  section.  However,  on  the  basis  of  the  usual 
Strouhal  number  relationship  between  frequency  of  vortex  shedding  f , 
mean  flow  speed  U,  and  characteristic  dimension  of  the  obstacle  Inter¬ 
acting  with  the  flow, 

f  -ci  0.18  §  ;  (2) 

the  expected  shedding  frequency  of  the  #30  mesh  screens  is  approxi¬ 
mately  720  cps  (based  on  the  wire  diameter  of  the  screen) .  This  Is  not 
In  good  agreement  with  the  observed  peak  frequency  of  125O  cps;  however, 
It  should  be  remembered  that  we  have  neglected  Interaction  effects  be¬ 
tween  adjacent  wires  which  make  up  the  screen.  There  Is  thus  some 
question  as  to  what  characteristic  dimension  d  should  be  employed  In 
Eq  (2). 

The  turbulence  levels  shown  In  Figure  5  represent  maximum  turbu¬ 
lence  levels  Inherent  In  the  operation  of  the  tunnel.  At  lower  flow 
speeds,  the  turbulence  level  decreases  considerably,  e.g.,  at  a  flow 
speed  of  25  ft/sec,  the  turbulence  level  Is  only  about  O.25I. 


*  The  third  octave  band  levels  can  be  converted  easily  Into  spectral 
density.  See  e.g.,  L.  L.  Beranek  "Acoustic  Measurements," 

(John  Wiley  and  Sons  Inc.,  19^9). 
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B.  MEAN  BOUNDARY  LAYER  PROFILE  ABOVE  THE  TEST  BODY 

lests  were  performed  with  the  cylindrical  test  body  Installed  In 
the  tunnel  without  sonic  excitation.  Of  major  interest  was  the  deter¬ 
mination,  at  various  flow  speeds,  of  the  laminar  boundary  layer  profile 
which  exists  at  different  points  along  the  test  body.  In  particular. 

It  was  desired  to  conqparti  the  various  measured  boundary  layer  velocity 
distributions  with  the  characteristic  flat-plate  zero -incidence  bound¬ 
ary  layer  velocity  profile  developed  analytically  by  Blaslus  (Ref,  10). 
Figure  7  presents  results  of  measurements  of  the  D.C.  velocity  distri¬ 
bution  for  two  different  mean  flow  speeds  U*  and  four  different  points 
X  along  the  teat  body.  The  origin  for  the  measurement  of  x  will  be 
discussed  subsequently.  The  distance  z,  measui>ed  upwards  from  the  sur¬ 
face  of  the  test  body,  and  the  corresponding  velocity  u(z)  are  ex¬ 
pressed  In  non -dimensional  form,  respectively.  In  terms  of  a  boundary 

layer  thickness  (where  v  Is  the  kinematic  viscosity  of  air),  and 

the  mean  flow  speed  for  purposes  of  comparison  with  the  Blaslus 

velocity  profile,  also  shown  In  the  figure. 

As  can  be  seen  from  Figure  7,  good  agreement  exists  between  our 
measurements  and  the  velocity  distribution  predicted  on  the  basis  of 
the  Blaslus  solution  for  flow  over  a  flat  plate.  The  agreement  between 
theory  and  experiment  does,  however,  inquire  some  discussion,  particu¬ 
larly  because  we  assume,  for  reasons  discussed  earlier,  that  the  flow 
past  the  cylindrical  test  body  can  be  treated,  Insofar  as  boundary 
layer  phenomena  are  concerned,  as  being  equivalent  to  zero  Incidence 
flow  over  a  flat  plate. 

The  analogy  between  our  experimental  system  and  the  flat  plate 
situation  should  not,  of  course,  be  expected  to  hold  at  the  forepart 
of  the  test  body,  where  the  leading  edge  consists  of  an  ellipsoidal 
surface  Incorporated  Into  the  design  of  the  test  body  along  which 
buildup  of  the  laminar  boundary  layer  can  occur.  This  raises  the 
problem  of  defining  a  point  near  the  forepart  of  the  test  body  which 
will  In  a  sense  be  an  "equivalent  leading  edge"  when  the  flat  plate 
analogy  Is  en?)loyed.  This  point  lies  somewhere  between  the  forepolnt 
of  the  streamlined  nose  piece  and  the  point  where  It  joins  the  cylin¬ 
drical  test  body.  Location  of  this  point  has  been  determined  empiri¬ 
cally  by  measuring  boundary  layer  profiles  at  various  points  along  the 
boundary,  computing  the  boundary  layer  thickness  6  in  terms  of  various 
distances  x  along  the  test  body,  and  then  comparing  profiles  obtained 
with  the  Blaslus  profile.  Results  of  a  series  of  such  measurements 
Indicate  that  good  agreement  between  measured  data  and  the  Blaslus 
profile  Is  obtained  when  the  origin  of  x  Is  taken  to  be  a  point  6  In¬ 
ches  downstream  of  the  forepolnt  of  the  contoured  nose  piece  (the 
nose  piece  has  a  total  length  of  12" ) 
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Results  Indicate  that  this  technique  permits  determination  of  the 
equivalent  leading  edge  to  within  about  +  1  inch.  No  measurable  changes 
have  been  found  in  the  location  of  this  point  at  different  flow  speeds. 
It  should  also  be  noted  that  these  results  are  qualitatively  in  accord 
with  analytical  results  obtained  by  Schllchting  (Ref.  9)  in  treating 
zero  Incident  flow  over  elliptical  cylinders.  Subsequent  measurements, 
to  be  discussed  in  Section  IV  also  bear  out  this  result,  in  that  the 
analogy  between  the  flat  plate  situation  and  our  arrangement  holds  quite 
well  if  the  equivalent  leading  edge  is  taken  to  be  this  latter  point. 
Accordingly,  in  all  results  discussed  in  this  report,  Reynolds  numbers, 
boundary  layer  thicknesses,  etc.,  are  based  on  distances  along  the  test 
body  measured  from  this  equivalent  leading  edge. 

C.  CHARACTERISTICS  OF  THE  SONIC  EXCITATION  SYSTEM 

1.  The  Driving  System 

The  geometrical  configuration  of  the  sound  source  has  already  been 
discussed  in  the  preceding  section.  We  describe  here  the  manner  by 
which  sonic  excitation  is  provided.-  *»nd  the  calibration  techixlques  em¬ 
ployed  to  obtain  a  correlation  between  reasured  excitation  levels  and 
acoustic  particle  velocities  generated  in  the  boundary  layer. 

Tlie  driving  unit  consists  oi  a  4"  permaiient  magnet  loudspeaker 
which  can  be  moved  longitudinally  within  the  test  body  as  shown  in 
Figure  2.  Connections  to  the  speaker  are  brought  out  from  the  rear 
of  the  test  body  and  through  the  wall  of  the  muffler  section.  A 
Hewlett  Packard  Model  200CD  audio  oscillator  provides  pure  tone  sig¬ 
nals  in  the  frequency  range  0  to  10,000  cps  which  are  fed  into  the 
loudspeaker  through  a  power  an?)llfler.  Sound  pressure  levels  within 
the  test  body  are  monitored  by  means  of  a  calibrated  microphone 
mounted  coaxially  within  the  test  body  immediately  behind  the  plane 
of  the  circumferential  slit.  The  test  body  is  designed  so  vhat  the 
circumferential  slit  in  the  test  body  is  at  a  plane  of  maximum  acoustic 
pressure  associated  with  any  one  of  a  number  of  possible  resonance 
modes  within  the  tube.  For  the  frequency  range  found  to  be  of  impor¬ 
tance  in  our  studies,  the  only  resonance  modes  produced  within  the 
tube  are  longitudinal  ones;  cross  (radial)  resonances  are  unimportant. 

At  moderate  frequencies,  sound  pressure  levels  of  up  to  145  db  (re: 

0.0002  dynes/cm^)  have  been  produced  at  the  slit  opening.  For  experi¬ 
ments  discussed  in  the  present  report,  the  slit  width  seldom  exceeds 
3  mm. 


Since  the  vibrating  air  in  the  slit  acts  like  a  piston  in  a  hard 
wall,  the  most  Important  parameter  that  affects  the  boundary  layer  is 
the  velocity  and  frequency  of  the  piston,  l.e.,  the  velocity  of  the 
air  in  the  slit.  In  the  following  section  we  describe  how  the  velocity 
can  be  measured  and  how  it  is  related  to  the  sound  pressure  inside  the 
test  body.  Subsequently,  we  give  measurements  on  the  velocity  dis¬ 
tribution  in  the  vicinity  of  the  slit.  It  will  be  seen  that  this 
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distribution  Is  very  similar  tc  what  one  would  expect  for  a  small 
piston  In  a  hard  wall. 

2.  Calibration  Techniques 


An  absolute  calibration  of  the  hot  wire  anemometer  for  acoustical 
particle  velocities  poses  a  difficult  problem,  since  the  sensitivity 
of  the  hot  wire  depends  In  a  conqpllcated  way  on  the  mean  flow  speed 
and  on  the  direction  of  the  acoustical  particle  velocity  with  respect 
to  the  mean  flow. 

Fortunately,  In  our  experiments  this  difficulty  could  be  circum¬ 
vented,  since  we  deal,  for  the  most  part,  with  sound  pressure  level 
below  130  db.  In  this  range  of  Intensities,  we  can  assiuDe  that  a 
linear  relationship  exists  between  the  sound  pressure  and  the  acoustic 
particle  velocity.  This  means  that  the  acoustic  particle  velocity  can 
be  calculated  from  a  knowledge  of  the  sound  pressure  levels  measured 
by  the  microphone  within  the  test  body.  If  we  first  obtain  a  general 
calibration  curve. 

Such  a  calibration  curve  Is  shown  In  Figure  8.  Here  the  frequency 
dependence  of  the  acoustic  velocity  at  the  silt  for  a  sound  pressure 
level  of  113  db  Inside  the  test  body  Is  presented.  (The  position  at 
which  the  velocities  were  measured  Is  Indicated  In  the  sketch  In  Fig¬ 
ure  8. ) 

It  can  be  seen  that  the  velocity  decreases  Inversely  with  frequency. 
This  Is  what  one  expects  from  a  consideration  of  the  acoustic  liq;>edance 
of  such  a  silt.*  The  calibration  curve  In  Figure  8  was  obtained  In  two 
steps: 

1)  To  determine  the  sensitivity  of  the  hot  wire  at  one  par¬ 
ticular  amplitude  and  frequency.  It  was  placed  In  the 
velocity  maximum  of  a  very  Intense  1^00  cps  standing 
sound  wave  In  still  air.**  The  acoustic  velocity  of 
this  position  Is  of  known  amplitude  and  produced  a  cer¬ 
tain  reading  of  the  hot  wire  anemometer.  With  this 
measurement  acconq;>llshed,  the  hot  wire  was  placed  In  the 
wind  tunnel  and  located  at  the  silt  (see  sketch  In  Fig¬ 
ure  8).  Then  for  the  same  frequency  (15OO  cps)  the 


*  The  "effective  mass"  calculated  from  Figure  8  Is  somewhat  larger 
than  the  mass  of  the  air  In  the  silt.  This  Is  probably  due  to 
the  so  called  "end  correction"  discussed  In  texts  on  acoustics. 

**  These  measurements  were  made  at  N.I.T.  with  equipment  used  to 
measure  the  effect  of  sound  waves  on  .leat  transfer.  The  assist¬ 
ance  of  JDr.  Richard  M.  Fand  Is  gratefully  acknowledged. 
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sound  pressure  in  the  test  body  was  Increased  until  It 
reached  the  hot  wire  reading  that  was  obtained  originally. 

In  this  way,  the  ratio  between  the  magnitudes  of  the  In¬ 
ternal  sound  pressure  and  the  acoustic  particle  velocity 
at  the  surface  of  the  test  body  was  obtained.  The  measure¬ 
ment  In  the  tunnel  was  made  without  mean  flow. 

2)  To  determine  the  frequency  response  curve  shown  In  Figure  8, 
the  sound  pressure  within  the  test  body  was  maintained  at  a 
constant  level.  The  hot  wire  output  was  then  measured. 

This  procedure  was  repeated  for  various  frequencies  In  the 
range  between  50  and  2000  cps.  In  order  to  maintain  a 
linear  relationship  between  the  A.C.  velocity  and  the  hot 
wire  output  voltage,  the  measurements  were  made  In  the 
presence  of  a  mean  flow  of  46  ft/sec.*  In  this  way,  rela¬ 
tive  velocities  for  various  frequencies  were  determined. 

By  employing  the  previously  described  calibration  at  1500 
cps,  the  curve  shown  In  Figure  8  was  obtained. 

3.  The  Acoustic  Velocity  Distributions  Near  the  Source 


The  localized  nature  of  the  acoustic  field  produced  at  the  surface 
of  the  test  body  can  be  seen  from  the  curves  shown  In  Figure  9.  Here 
the  local  ac.ouatlc  particle  velocity  relative  to  that  measured  at  the 
center  of  the  silt  Is  plotted  «.s  a  function  of  the  co-ordinates  x'  and 
z.  The  former  measures  horizontal  distance  along  the  test  body,  while 
the  latter  measures  distance  upwards  from  the  surface  of  the  test  body; 
the  origin  of  these  co-ordinates  Is  the  center  of  the  silt  (l.e.,  the 
so’jnd  source).  One  observes.  In  Figure  9>  that  the  acoustic  particle 
velocity  decreases  quite  rapidly  as  the  distance  from  the  silt  In¬ 
creases;  In  the  case  of  the  vertical  velocity  distribution  (Figure  9a), 
the  acoustic  velocity  1  mm  from  the  slit  Is  less  than  the  acoustic 
velocity  at  the  silt  by  a  factor  of  approximately  13.  In  the  case  of 
the  horizontal  velocity  distribution,  the  velocity  10  mm  away  from  the 
source  (at  a  vertical  distance  of  0.5  mm)  Is  a  factor  of  10  less  than 
the  velocity  at  the  source.  These  curves  Indicate  that  the  silt  be¬ 
haves  approximately  as  a  line  source  of  acoustic  energy,  In  that  the 
velocity  amplitude  decays  Inversely  with  the  distance  from  the  center 
of  the  silt.  Thus  the  major  portion  of  the  acoustic  velocity  field  Is 
effectively  confined  to  a  region  within  a  few  mm  of  the  source.  For 
purposes  of  comparison,  typical  conditions  (U^  »  45  ft/sec)  the  bound¬ 
ary  layer  thickness  at  the  silt  Is  approximately  2.8  mm. 


*  Use  of  hot  wire  techniques  In  measuring  oscillatory  flow  character¬ 
istics  requires  the  presence  of  D.C.  bias  flow  In  the  tunnel.  That 
portion  of  the  hot  wire  signal  arising  solely  from  the  oscillatory 
disturbance  Is  obtained  by  the  use  of  appropriate  narrow  band 
filters  In  series  with  the  hot  wire  slgpial  detector. 
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SECTION  IV 


THE  EFFECT  OF  LOCALIZED  SONIC  EXCITATION 
ON  THE  i.AMINAR  BOUNDARY  LAYER 

A.  GROSS  INTERACTION  EFFECTS 

Preliminary  Investlgetlons  utilizing  the  localized  sound  source 
were  carried  out  to  obtalr  Information  on  gross  effects  of  the  sonic 
excitation  In  Influencing  the  turbulence  level  near  the  test  body. 

Initial  measur(5menta  were  performed  with  the  hot  wire  placed  about 
1.5  cm  downstream  of  the  source  and  about  halfway  Into  the  laminar 
boundary  layer  (6-^3  mm).  The  results  are  shown  In  Figure  10,  where 
spectral  distributions  of  typical  relative  turbulence  levels,  namely, 
the  ambient  level  In  the  presence  of  sonic  excitation  conq;>ared  to  that 
which  arises  solely  fror  Inherent  fluctuations  In  the  mean  flow  (l.e., 
the  free  strean  turbulence  level)  are,  plotted.*  Due  to  the  large  range 
of  the  various  levels  Involved,  It  Is  convenient  to  express  the  rela¬ 
tive  levels  on  a  logarithmic  (db)  scale). 

As  one  expriic,  r-t  sufficiently  small  excitation  amplitudes, 

one  observfcB  only  i  '^Inear  superposition  of  ne  sonlcally  Induced  dis¬ 
turbance  and  the  ambler t  or  background  turbulence  level.  This  linear 
superposition  la  ob3er\'ed  at  sonic  excitation  amplitudes  up  to  and  In¬ 
cluding  a  sound  pressui’e  level  of  125  db  (measured  Inside  the  test  body 
as  described  In  the  pr€'vlous  section) . 

As  the  sound  pressure  level  Is  Increased,  one  still  observes  su¬ 
perposition  of  the  fundamental  excitation  frequency  as  well  as  an  In¬ 
crease  In  the  magnitude  of  the  second  harmonic.  At  a  sound  pressure 
level  cf  approximately  .138  db,  a  sudden  transition  occurs,  l.e.,  the 
nature  of  the  spectrum  changes  completely  and  the  overall  turbulence 
level  Is  Increased  considerably,  as  shown  by  the  l40  and  145  db  curves 
In  Figure  10.  Hence  the  laminar  boundary  layer  flow  Is  "tripped"  Into 
turbulent  flow  only  above  a  certain  level  of  sonic  excitation.  This 
effect  has  been  found  to  be  frequency  dependent.  This  latter  point  la 
discussed  In  more  detail  In  the  next  section. 

The  results  simply  Illustrate  that  there  Is  a  limited  range  of 
sonic  amplitude  (and,  as  discussed  late’',  frequencies)  In  which  studies 


*  The  actual  bandwidth  of  the  excitation  frequency  peaks  Is  much  nar¬ 
rower  than  would  be  Inferred  from  Figure  10.  This  Is  because  the 
excitation  frequency  (450  cps)  lies  midway  between  two  third  octave 
bands. 
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of  sound  and  lamlnav  shear  flow  Interactions  should  be  performed.  At 
sonic  amplitudes  below  the  ambient  (background)  turbulence  fluctuation 
amplitudes,  little  effect  can  be  expected  to  be  produced  by  the  acoustic 
signal.  On  the  other  hand,  if  sor.lc  amplitudes  become  sufficiently 
large,  the  entire  boimdary  layer  is  triggered  Into  rapid  transition 
from  laminar  to  turbulent  flow,  thus  obscuring  any  orderly  Interaction 
processes  which  may  be  occurring. 

B.  EFFECT  OP  EXCITATION  FREQUENCY  ON  BOUNDARY  LAYER  STABILITY 

As  noted  In  the  previous  section,  the  sound  pressure  level  needed 
to  trip  the  boundary  layer  Into  turbulent  flow  at  the  local  source  de¬ 
pends  strongly  upon  the  excitation  frequency.  Accordingly,  the  rela¬ 
tionship  between  frequency,  sonic  amplitude,  and  the  stability  of  the 
boundary  layer  was  investigated.  In  order  to  prevent  sonlcally  Induced 
transition  from  occurring  at  the  sound  source,  relatively  low  level 
sonic  excitation  was  employed  (for  actual  levels  employed  see  Figure  11 ), 
and  measurements  were  taken  some  distance  downstream  from  the  source. 

It  Is  found  that  low  sonic  amplitudes  at  certain  frequencies  produce 
premature  transition  at  points  downstream  of  the  localized  source.  The 
various  frequencies  which  are  conducive  to  premature  transition  were 
determined  In  the  following  manner:  In  a  typical  experiment,  the  hot 
wire  was  placed  approximately  40  cm  downstream  of  the  acoustic  source 
and  approximately  2  mm  above  the  test  body.  The  loudspeaker  was  driven 
at  various  frequencies  and  amplitudes,  and  the  resultant  Internal  sound 
pressure  was  measured  by  means  of  the  monitoring  microphone  described 
In  the  preceding  section.  By  employing  techniques  discussed  earlier 
(see  Figure  8)  the  acoustic  particle  velocity  at  the  source  was  de¬ 
termined.  The  output  of  the  anemometer  was  monitored  by  means  of  the 
oscilloscope,  and  the  sound  pressure  level  at  a  given  frequency  was 
adjusted  to  the  minimum  value  necessary  to  cause  transition.  Since 
a  relatively  small  change  In  excitation  amplitude  can  Initiate  transi¬ 
tion,  a  precise  measurement  cf  this  minimum  level  can  be  obtained  at 
each  frequency. 

Figure  11  shows  results  of  two  such  series  of  meabui^ments.  The 
curves  shown  represent  plots  of  acoustic  particle  veloclt.  ..  at  the 
source  necessary  to  produce  transition  at  the  specified  downstream 
point,  as  a  function  of  frequency.  Since  these  curves  show  pronounced 
minima  we  can  conclude  that  for  each  mean  flow  velocity  (and  for  each 
position  along  the  surface  of  the  test  body),  there  Is  a  frequency  at 
which  a  vary  small  amount  of  acoustic  energy  Is  sufficient  to  trip  tur¬ 
bulence.  This  frequency,  which  will  be  referred  to  as  the  "critical" 
frequency,  depends,  of  course,  on  the  flow  speed  and  the  location  of 
the  hot  wire. 

The  preceding  measurements  were  extended  to  frequencies  higher 
than  those  shown  In  Figure  11  but  no  additional  "critical"  frequencies 
could  be  found.  For  frequencies  above  2000  cps  the  acoustic  energy 
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radiated  from  the  loudspeaker  was  not  sufficient  to  cause  transition. 
Measurements  were  attempted  at  frequencies  as  high  as  10,000  cps. 

C.  TOLLMIEN-SCHLICHTING  THEORY  OF  STABILITY 

In  their  now  classic  Investigations,  Schubauer  and  Skramstad 
(Ref.  6)  found  that  random  fluctuations  present  In  a  boundary  layer 
flow  undergo  a  frequency  selective  an?) lli\’ cation  within  the  boundary 
layer  as  they  propagate  downstream.  This  givts  rise  to  almost  sinu¬ 
soidal  boundary  layer  fluctuations  at  some  distance  downstream  of  the 
leading  edge.  It  was  also  found  that  these  sinusoidal  fluctuations 
could  be  correlated  very  well  with  the  Tollmlen-Schlichtlng  stability 
curve  (see  Figure  13  of  Ref.  6). 

The  existence  of  the  minimum  excitation  velocities  associated 
with  the  critical  frequencies  discussed  In  connection  with  Figure  11 
Indicates  that  selective  amplification  of  the  sonlcally  Induced  bound¬ 
ary  oscillation  Is  occurring  as  It  propagates  downstream.  In  order  to 
explain  this  result  In  more  detail.  It  will  at  this  point  prove  useful 
to  suimnarize  the  salient  conclusions  of  the  Tollmlen-Schlichtlng  theory 
of  stability. 

The  flow  velocity  Is  assumed  to  be  coinposed  of  an  average  time 
Independent  cjmponent  U,  upon  which  Is  superimposed  a  fluctuating  com¬ 
ponent  u';  an  e  isentlal  restriction  upon  the  validity  of  the  theory  Is 
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the  condition  tnat  -^  «  1.  The  superposition  of  the  small  component 

u'  upon  the  mean  flow  velocity  In  one  direction  presents  to  the  sta¬ 
tionary  observer  the  appearance  of  wave  motion. 

If  the  stream  were  uniform,  the  fluctuations  would  take  on  the 
attributes  of  a  traveling  wave  having  a  propagation  velocity  equal  to 
that  of  the  stream.  In  a  boundary  layer,  the  velocity  of  wave  propa¬ 
gation  can  be  shown  to  be  less  than  the  maximum  velocity  of  the  flow. 

Assuming  the  fluctuating  conqjonents  to  be  of  the  form 
the  theory  proceeds,  by  developing  the  appropriate  differential  equa¬ 
tions  of  continuity  and  conservation  of  momentum  in  terms  of  a  straight 
forward  perturbation  approach,  to  describe  the  relationship  between 
the  parameters  as  U,  u',  a,  and  The  situation  treated  Is  that  of 
two-dimensional  flow,  and  the  theory  confines  Itself  to  studying  only 
the  behavior  of  small  disturbances;  three-dimensional  and  finite  am¬ 
plitude  disturbances  are  not  within  the  province  of  the  theory.  Stud¬ 
ies  (Ref.  12)  have  shown,  however,  that  two-dimensional  theory  leads 
to  the  prediction  of  critical  Reynolds  numbers  somewhat  lower  than 
those  derived  assuming  a  three-dimensional  disturbance. 

The  major  result  of  the  Tollmlen-Schlichtlng  theory  Is  the  pre¬ 
diction  of  the  frequency  (or  wavelength)  of  neutral  disturbances  for 
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flows  at  various  Reynolds  numbers.  This  result  Is  usually  presented 
In  terms  of  a  stability  diagram  such  as  that  shown  in  Figure  12.  IRiis 
curve  represents  essentially  the  boundary  between  the  regimes  of  stable 
and  unstable  boundary  layer  fluctuations.  From  the  diagram  one  may 
predict  whether  or  not,  for  a  given  Reynolds  number  (e.g.,  location 
downstream  of  the  leading  edge)  a  disturbance  of  a  given  frequency  will 
either  amplify  (unstable),  decay  (stable)  or  remain  unchanged  (neutra3.)< 

D.  COMPARISON  OF  EXPERIMENTALLY  DETERMINED  CRITICAL  FREQUENCIES  WITH 
TOLLMIEN-SCHLICHTINO  STABILITY  CRITERIA 

The  critical  frequencies  observed  In  the  course  of  our  Investiga¬ 
tions  and  discussed  In  part  B  of  this  section,  have  been  compared  with 
the  theoretical  curve  of  neutral  stability  In  Figure  12.  In  this  fig¬ 
ure  p/2Tr  Is  the  critical  frequency,  x  the  distance  from  the  equivalent 
leading  edge  to  the  position  at  wMch  the  transition  Is  observed,  and 
V  Is  the  coefficient  of  kinematic  viscosity.  The  data  lie  close  to 
the  upper  brzinch  of  the  theoretical  stability  curve.  This  behavior  Is 
In  accord  with  similar  behavior  found  and  explained  by  Schubauer 
(Ref.  6). 

Although  no  special  care  was  taken  to  establish  precise  control 
over  pressure  gradients  along  the  test  body,  as  was  done  by  Schubauer, 
our  measured  points  are  seen  to  form  a  relatively  good  fit  to  the  neu¬ 
tral  stability  curve  predicted  on  the  basis  of  the  Tollmlen-Schllchtlng 
stability  theory. 

In  explaining  this  result.  It  must  be  kept  In  mind  that  the  point 
at  which  transition  Is  measured  Is  relatively  far  ownstreara  from  the 
localized  excitation  source  (l.e.,  the  slit).  Accordingly,  a  disturb¬ 
ance  that  Is  generated  at  the  source  passes  through  a  wide  range  of 
Reynolds  numcers  and  possibly  through  regions  where  It  may  amplify  or 
decay,  as  it  propagates  downstream  to  the  position  occupied  by  the  hot 
wire  probe.  Since  these  regions  of  amplification  and  decay  occupy 
different  positions  for  different  frequencies,  one  might  expect  a  dis¬ 
turbance  of  a  certain  frequency  to  undergo  a  maximum  amount  of  ampli¬ 
fication  as  It  propagates  downstream.  One  would  expect  two  dimensional 
oscillations  to  develop  to  a  maximum  amplitude  by  such  simplification 
at  a  point  close  to  the  second  branch  of  the  neutral  stability  curve 
(Figure  12). 

This  concluslor  has  already  been  stated,  as  well  as  confirmed  ex¬ 
perimentally,  by  Schubauer  and  Skramstad  (Ref.  6),  and  is  in  agreement 
with  similar  conclusions  set  forth  by  Lin  (Ref.  13). 

In  the  present  investigation,  the  total  amplification  of  the  soni- 
cally  generated  disturbance  is  not  measured  directly;  Instead,  the  oc¬ 
currence  of  transition  Is  used  as  an  Indicator  of  those  disturbances 
which  have  undergone  a  high  degree  of  amplification  in  propagating 
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downstream.  We  thus  assume  that  turbulence  is  generated  irtienever  the 
boundary  layer  I’luctuations  exceed  a  certain  limit.  This  limit  can  be 
achieved  In  either  of  two  situations;  namely,  l)  that  whereby  a  dis¬ 
turbance  which  undergoes  a  small  amount  of  amplification  as  It  propa¬ 
gates  Is  generated  with  a  sufficiently  large  excitation  amplitude,  and 
2)  that  whereby  a  small  excitation  amplitude  generates  a  disturbance 
which  undergoes  a  sufficiently  high  degree  of  amplification.  It  Is 
the  latter  situation  which  pertains  to  the  present  problem.  Insofar  as 
we  conclude  that  the  frequency  at  which  the  minimum  excitation  velocity 
(Figure  11)  produces  transition  Is  Identical  with  the  frequency  of  a 
disturbance  which  has  undergone  maximum  amplification.  This  frequency. 
In  turn,  lies  very  close  to  the  second  branch  of  the  neutral  stability 
curve  of  the  Tollmien-Schllchtlng  theory  (Figure  12) , 

E.  DISTRIBUTION  OF  SONICALLY-PRODUCED  FLUCTUATIONS  IN  THE  BOUNDARY 
LAYER 


In  order  to  determine  whether  or  not  there  are  additional  slmllal- 
tles  between  bovindary  layer  fluctuations  studied  by  Schubauer  and 
Skramstad,  who  used  a  vibrating  ribbon  to  generate  boundary  layer  dis¬ 
turbances,  and  those  obtained  here  using  the  localized  surface  source, 
the  velocity  profiles  of  sonlcally  Induced  laminar  boundary  layer  fluc¬ 
tuations  were  measured  and  compared  both  with  Schllchtlng* s  theory  and 
results  obtained  by  Schubauer  and  Skramstad.  Measurements  were  made 
by  exciting  the  flo’;:  and  monitoring  the  hot  wire  output  voltage  at  dif¬ 
ferent  points  above  the  test  body.  The  results  are  shown  In  Figures 
13  to  16.  In  order  to  cornf.^re  results  obtained  In  different  experiments 
the  distance  z  between  the  hot  wire  and  the  surface  of  the  test  body 


has  been  normalized  by  the  boundary  layer  thickness  6 
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all  cases  the  boundary  layer  thickness  Is  based  upon  the  distance  x 
from  the  equivalent  leading  edge  defined  earlier.  The  excitation  fre¬ 
quency  f,  the  mean  flow  speed  U^,  and  the  distance  x  are  given  In  each 
figure.  Location  of  the  point  corresponding  to  the  parameters  dis¬ 
cussed  here  are  shown  on  the  stability  diagram  of  Figure  12;  here  the 
point  associated  with  results  presented  In  Figure  13  are  Identified  by 
the  symbol  ^  ,  etc. 


One  observes  that  for  the  two  excitation  frequencies  (l80  cps  and 
320  cps)  which  fall  within  the  unstable  region  of  the  Tollmien- 
Schllchtlng  stability  diagram  (see  Figure  12),  the  magnitude  of  the 
hot  wire  output  signal  Is  larger  for  the  position  further  downstream 
from  the  sound  source;  l.e.,  the  signal  Is  amplified  as  It  propagates 
downstream.  Conversely,  for  the  two  frequencies  (90,  780  cps)  which 
fall  within  the  stable  region  of  the  stability  diagram,  the  sonlcally 
Induced  disturbance  decays  as  It  propeigates  downstream. 


Another  Interesting  feature  of  these  results  Is  that,  except  for 
the  case  f  =  78O  cps,  the  boundary  layer  velocity  fluctuations  pass 
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through  a  minimum  value  at  a  certain  value  of  z/6.  niese  minima  are 
Indicative  of  phase  z%versal  points  predicted  for  neutral  disturbances 
by  Schllchtlng  (Ref.  5),  In  our  experiments,  this  phase  reversal  was 
not  directly  observed,  since  the  hot  wire  output  signal  Is  rectified. 
Therefore,  the  point  of  minimum  amplitude  must  serve  as  an  Indication 
of  the  point  at  which  phase  reversal  occurs.  At  this  point,  the  sig¬ 
nal  should  be  zero.  However,  minimum  levels  which  could  be  resolved 
were  limited  by  the  background  noise  level,  which  was  of  the  order  of 
5  mv. 


The  values  of  z/6  at  which  phase  reversal  occurs  agree  reasonably 
well  with  theoretical  results.  Schllchtlng  predicted  (Ref.  5)  and 
Schubauer  (Ref.  6)  measured  a  value  of  z/6  si  0.7  for  neutral  disturb¬ 
ances.  For  non-neutral  disturbances,  Zaat  (Ref.  l4)  has  calculated  a 
value  of  z/6  ^  0.45  for  the  phase  reversal  point.  Our  results  lie 
within  this  range. 

Additional  measurements  were  performed  to  determine  details  of  the 
anpllflcation  and  deamplification  of  the  sonlcally  generated  boundary 
layer  oscillations.  Results  obtained  are  similar  to  those  reported  by 
Schubauer  and  Skramstad  (Ref.  6)  (cf.  Figure  37  of  their  report)  which 
were  obtained  In  their  very  low  turbulence  wind  tunnel.  The  agreement 
of  our  results  with  the  studies  performed  by  Schubauer  et  al.  Indicate 
the  adequacy  of  our  experimental  system  for  sensitive  stability  measure¬ 
ments,  and  provide  some  Insight  as  to  the  seneitivlty  of  the  boundary 
layer  flow  to  the  various  sonic  parameters. 

F.  AMPLIFICATION  AND  DISTORTION  OP  BOUNDARY  LAYER  FLUCTUATIONS 

Figures  17  through  21  show  photographs  of  the  hot  wire  output 
signal  displayed  on  an  oscilloscope  for  positions  downstream  of  the 
source.  Figure  17  shows  the  effect  of  Increasing  the  sound  amplitude. 
Sound  pressure  levels  (SPL)  measured  Inside  the  test  body  In  the  vi¬ 
cinity  of  the  silt  are  given  at  the  left  of  each  curve.*  Since  the 
output  of  the  hot  wire  varies  with  distance  from  the  test  body,  as 
shown  In  Figures  17  to  21,  attenpts  were  always  made  to  place  the  hot 
wire  at  the  point  of  maximum  signal  output,  l.e.,  very  close  to  the 
test  body. 

As  can  be  seen,  the  signal  approximates  a  pure  tone  oscillation 
at  low  amplitudes.  With  an  Increase  In  amplitude,  the  signal  becomes 


*  In  order  to  maintain  a  pattern  suitable  for  photographing.  It  was 
necessary  to  change  the  attenuator  settings  on  the  oscilloscope  be¬ 
tween  photographs;  the  numbers  to  the  right  of  the  photographs  In 
Figure  17  Indicate  the  amount  by  which  the  oscilloscope  signal  was 
decreased  relative  to  the  initial  signal  level  (top  photograph)  In 
each  set.  This  has  been  necessary  only  In  connection  with  results 
shown  In  Figure  17. 
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distorted  and  finally  degenerates  Into  the  random  fluctuations  which 
arc  characteristic  of  turbulence.  Of  particular  Interest  are  the 
appearance  of  characteristic  sharp  large  amplitude  "spikes"  (see  Fig¬ 
ure  17,  117  cps)  which  appear  Just  prior  to  transition  to  completely 
turbulent  flow.  These  spikes  have  been  observed  and  discussed  by 
other  Investigators,  but  the  reason  for  their  appearance  Is  not  known. 
An  understanding  of  the  mechanism  by  which  these  spikes  are  produced 
would  contribute  significantly  to  a  more  precise  understjmdlng  of  the 
transition  process. 

The  distortion  of  the  excitation  signal  Is  due  mainly  to  the 
generation  of  higher  harmonics  In  the  boundary  layer.  This  can  be 
seen  more  clearly  by  the  photographs  shown  In  Figure  18.  The  top  pho¬ 
tograph  la  similar  to  those  shown  In  Figure  17j  however,  the  lower 
three  photographs  of  Figure  I8  lllustratt  the  relative  amplitudes  of 
the  fundamental  tone,  the  first  harmonic,  and  the  second  harmonic  of 
each  of  the  signals  shown  In  the  upper  photograph.  As  can  be  seen,  the 
harmonic  content  of  the  boundary  layer  disturbance  Increases  markedly 
with  Increase  In  amplitude.  It  should  be  pointed  out  that  this  dis¬ 
tortion  of  the  fxindamental  signal  occurs  In  the  boundary  layer,  and  Is 
not  produced  by  distortion  of  the  excitation  signal  within  the  test 
body. 


Figure  19  shows  the  effect  of  Increasing  the  distance  between  the 
sotind  source  and  che  hot  wire,  while  keeping  the  sound  pressure  level 
constant . 

One  result  that  Is  evident  upon  Inspection  of  Figure  19  Is  that 
a  low  frequency  excitation  signal  (by  low  frequency  we  mean  that  for 
a  given  Reynolds  number  the  corresponding  Tollmlen-Schllchtlng  frequen¬ 
cy  of  the  disturbance  should  lie  within  the  region  of  stable  distur¬ 
bances  on  the  characteristic  stability  diagram)  distorts  as  It  propa¬ 
gates  downstream.  This  effect  Is  more  clearly  Illustrated  by  the 
photographs  shown  In  Figure  20.  Here,  the  upper  photograph  shows  a 
disturbance  generated  at  constant  sound  pressure  level,  at  three  suc¬ 
cessive  points  downstream.  The  two  lower  photographs  Illustrate  the 
result  of  a  harmonic  analysis  of  two  of  these  disturbances.  As  can  be 
seen,  the  harmonic  content  of  the  disturbances  Increases  markedly  with 
distance  downstream.  These  observations  provide  a  partial  explanation 
of  the  transition  mechanism  In  the  low-frequency  range.  It  appears  as 
If  the  small  vortices  generated  periodically  In  the  viscous  sublayer 
at  the  source  break  up  at  some  distance  downstream,  thereby  giving 
se  to  disturbances  of  higher  frequencies  which  lie  within  the  domain 
of  unstable  Tollmlen-Schllchtlng  disturbances  and  are  thus  amplified 
as  they  propagate  downstream.  These  latter  disturbances  are  what  may 
consequently  give  rise  to  transition. 

In  order  to  check  that  this  concept,  which  Is  also  In  agreement 
with  theoretical  consldei’atlons  by  Lin  (Ref.  13)  Is  a  correct  one,  the 
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photographs  shovm  In  Figure  21  were  made.  These  photographs  show  the 
results  of  experiments  ?..i  which  the  flow  was  distrubed  by  a  100  cps 
excitation  signal.*  The  hot  wire  output  at  different  points  x  down¬ 
stream  was  filtered  through  a  1/3  octave  band  pass  filter.  Although 
the  attenuator  settings  on  the  oscilloscope  were  not  changed  for  sig¬ 
nals  shown  within  a  given  photograph.  It  was  necessary  to  make  such 
changes  between  photographs,  l.e.,  when  changing  the  frequency  analy¬ 
sis  band,  in  order  to  permit  reasonably  good  reproduction  of  the  ob¬ 
served  waveform.  Hence,  Information  as  to  ang>llflcatlon  rates,  etc., 
should  not  be  inferred  directly  from  a  comparison  of  different  photo¬ 
graphs.  One  can  see  In  Figure  21,  however,  that  the  portion  of  the 
signal  centered  about  100  cps  decreases  somewhat  as  the  hot  wire  probe 
Is  moved  downstream.  However,  that  part  of  the  signal  which  Is  cen¬ 
tered  about  200  cps  Increases  by  almost  a  factor  of  two.  It  Is  In¬ 
teresting  to  note  that  although  these  higher  harmonics  were  generated, 
l.e.,  that  some  type  of  nonlinearity  was  present,  each  of  the  harmonics, 
qualitatively  followed  the  predictions  of  Tollmien-Schllchtlng  theory. 
Those  harmonics  In  the  stable  regime  decayed  as  they  moved  downstream, 
while  those  in  the  unstable  regime  were  amplified.  This  Is  in  accord 
with  Lin  (Ref.  7)  who  has  stated  that  the  nonlinear  effects  first  ap¬ 
pear  In  the  generation  of  harmonic  modes  In  the  critical  layer  before 
the  distortion  of  the  mean  flow  Is  noticeable. 

It  has  been  verified  experimentally  that  the  higher  harmonics 
that  appear  In  Figure  21  are  due  to  a  nonlinear  effect  (e.g.,  breaking 
up  of  vortices)  In  the  boundary  layer  and  not  to  distortion  produced 
by  the  loudspeaker  or  the  slightly  nonlinear  Impedance  of  the  slit. 

This  has  been  done  as  follows:  The  ancsiometer  probe  was  placed  at  the 
slit,  and  the  amplitude  of  the  first  harmonic  (200  cps)  was  measured. 

The  oscillator  was  then  adjusted  to  produce  a  fundamental  signal 
of  the  same  amplitude  at  200  cps.  Boundary  layer  disturbances  pro¬ 
duced  by  this  200  cps  fundamental  were  then  observed.  It  was  found 
that  the  resultant  fluctuations  downstream  of  the  slit  were  at  least 
an  order  of  magnitude  less  In  amplitude  than  those  observed  when  a 
100  cps  fundamental  was  enqployed.  These  results  Indicate  that  ampli¬ 
fication  of  the  small  distortion  produced  by  the  sonic  excitation 
system  Is  not  the  cause  of  the  200  cps  signal  shown  in  Figure  21. 

We  do  not  as  yet  completely  understand  the  changes  that  occur  In 
a  sonlcally  Induced  high  frequency  boundary  layer  disturbance  as  It 
propagates  downstream.  It  appears  as  though  the  sound  signal  were 
amplified  sporadically,  giving  rise  to  "patches"  of  fluctuations,  hav¬ 
ing  fairly  high  amplitudes,  followed  by  regions  of  fairly  calm  flow, 
as  can  be  seen  In  Figure  19,  (the  photog^phed  obtained  using  450  cps 


*  The  corresponding  point  on  the  stability  diagram  Is  shown  In  Figure 

12. 
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excitation).  This  phenomenon  seems  to  be  similar  In  some  respects  to 
that  fotmd  by  Sehubauer  and  Klebanoff  (Ref.  11)  uslrig  a  spark  to  gen¬ 
erate  a  boundary  layer  disturbance  and  to  the  water  table  ejq>erlments 
of  Emmons  (Ref.  I5). 

G.  EFFECT  OF  SONIC  EXCITATION  ON  THE  MEAN  BOUNDARY  LAYER  VELOCITY 
PROFILE 

A  series  of  measurements  were  made  In  an  effort  to  determine 
whether  or  not  sonic  excitation  In  any  way  Influences  the  mean  (D.C.) 
flow  velocity  distribution  In  the  boundary  layer. 

Experiments  were  performed  using  excitation  frequencies  from  50 
to  10,000  cps.  In  most  cases,  the  level  of  the  exciting  signal  was 
lnci*eased  up  to  the  point  where  the  signal  triggered  transition  from 
laminar  to  turbulent  flow.  Results  of  these  measurements  indicate  that. 
In  the  laminar  regime,  sonic  excitation  has  no  observable  effect  on  the 
mean  flow  profile.  This  can  be  seer.  In  Figure  22,  where  typical  bound¬ 
ary  layer  profiles,  obtained  In  the  presence  of  a  sonlcally  generated 
boundary  layer  disturbance,  are  shown  for  both  the  laminar  and  tur¬ 
bulent  flow  regime.  As  can  be  seen  In  the  figure,  data  obtained  for 
the  case  of  laminar  flow  form  a  relatively  good  fit  to  the  characteris¬ 
tic  laminar  (Blaslus)  profile  discussed  :<n  Section  II.  The  velocity 
distribution  obtained  In  case  of  the  turbulent  flow  (triggered  by  In¬ 
creasing  the  sonic  excitation  level  to  13O  db)  Is  shown  by  the  dotted 
curve  of  Figure  22.  This  profile  Is  characteristic  of  those  associa¬ 
ted  with  turbulent  boundary  layers. 
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SECTION  V 


EFFECT  OF  SONIC  EXCITATION  ON  INDUCED  TRANSITION 

A.  TRANSITION  PHENOMENA  PRODUCED  BY  INCREASING  THE  FREE  STREAM 
TURBULENCE  LEVELS 

In  order  to  determine  whether  or  not  sonic  excitation  near  the 
point  of  transition  can  affect  rhe  boundary  layer  profile,  the  free 
stream  turbulence  level  was  Increased  from  OA%  to  1.35^  at  a  mean  flow 
speed  of  approximately  30  feet  per  second.  This  was  acconqpllshed  by 
placing  a  grid  composed  of  wires  approximately  1.3  mm  In  diameter, 
spaced  3  mm  apart,  across  the  Inlet  of  the  wind  tunnel  test  section. 
Transition  then  occurs  at  a  critical  Reynolds  nvanber  of  approximately 

4  X  10^  (based  on  the  distance  from  the  equivalent  leading  edge), 
which  Is  approximately  one  order  of  magnitude  lower  than  the  critical 
Reynolds  number  to  be  expected  with  the  grid  absent.  The  point  of 
normal  transition  is  thereby  moved  correspondingly  closer  to  the  lo¬ 
calized  source. 

Results  indicate  that  sound  signals  of  different  levels  and  fre¬ 
quencies  never  move  the  transition  point  downstream.  In  fact  when 
the  sound  signal  Is  of  sufficiently  large  amplitude,  the  point  of 
transition  Is  moved  upstream. 

In  Figure  23  the  oscillatory  velocity  (measured  at  the  slit) 
necessary  to  cause  turbulence  Is  plotted  as  a  function  of  frequency. 

As  can  be  seen,  the  curve  obtained  here  does  not  have  as  pronounced  a 
dip  as  was  characteristic  of  similar  curves  obtained  In  the  absence  of 
the  grid  (see  Figure  11 ),  Indicating  that  critical  frequencies  such  as 
discussed  In  the  pi'evlous  section  are  not  observed  at  this  higher  free 
stream  turbulence  level.  The  slight  dip  In  the  curve  of  Figure  23  oc¬ 
curring  at  about  400  cps  cannot  be  correlated  with  a  Tollmlen- 
Schllchtlng  frequency.  It  appears  that  this  minimum  level  Is  In  some 
manner  related  to  the  vortex  shedding  frequency  of  the  grid  which, 
based  on  the  characteristic  Strouhal  number.  Is  approximately  400  cps. 

B.  TRANSITION  INDUCED  BY  MEANS  OF  A  TRIPPING  WIRE 

A  grill,  such  as  used  In  experiments  described  In  the  preceding 
section,  produces  more  or  less  random  fluctuations  of  the  air  flow. 
Another  question  Is,  however,  how  sound  affects  the  somewhat  regular 
disturbances  (periodic  shedding  of  vortices)  that  are  Introduced  by 
a  tripping  wli'e  mounted  on  the  surface  of  the  test  body  ahead  of  the 
localized  sound  source. 

Figure  24  shows  the  results  typical  of  some  experiments  performed 
using  a  tripping  wire.  The  wire,  approximately  1.6  mm  In  diameter, 
was  placed  30  mm  upstream  from  the  slit.  A  small  gap  (approximately 
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1/10  nm)  existed  between  the  upper  half  of  the  test  body  and  the  wire. 
On  the  lower  half  of  the  test  body,  the  wire  was  tljjhtly  fastened. 
Initially,  the  hot  wire  was  placed  a  small  distance  behind  the  wire  to 
detenslne  the  vortex  shedding  frequency,  (ihe  measured  shedding  fre¬ 
quencies  of  790  and  1500  cps  are  shown  as  arrows  In  Figure  24.  These 
values  agree  reasonably  well  with  the  expected  frequencies  predicted 
on  the  basis  of  the  characteristic  Strouhal  number:  l.e.,  05O  cps  for 
U*  =  28  ft/sec,  and  I65O  cps  for  =  55  ft/sec.)  The  hot  wire  was 
then  moved  50  mm  behind  the  localized  sound  source,  l.e.  to  a  point 
X  =  14".  Hie  curves  In  Figure  24  show  the  sound  velocities  measured 
at  the  source  necessary  to  cause  turbulence  at  x  =  14” 

These  curves  show  two  Interesting  features:  l)  The  sonic  excita¬ 
tion  frequency  which  most  easily  generates  turbulence  Is  close  to  the 
vortex  shedding  frequency.  2)  In  one  case  (at  500  cps)  the  curve  Is 
double  valued.  The  second  feature  can  be  explained  as  follows:  as 
the  sound  signal  Increased,  the  fluctuations  became  somewhat  larger 
and  suddenly  at  a  certain  level  the  flow  became  turbulent;  for  higher 
sound  signals  the  flow  r'.^turned  to  the  laminar  state  (the  fluctuations 
were  even  less  than  those  without  any  sonic  excitation)  and  finally  at 
a  certain  higher  sound  level  the  flow  became  turbulent  again. 

This  result  would  tend  to  Indicate  that  for  certain  frequencies 
and  certain  amplitudes  the  disturbances  generated  by  the  tripping  wire 
are  canceled  out  by  the  sound.  Hils  seems  to  bo  possible  if  one  postu¬ 
lates  that  the  sound  also  Influences  the  vortex  shedding  from  the  wire 
so  that  the  right  phase  shift  exists  between  the  latter  and  the  applied 
sonic  signal. 
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SECTION  VI 


NONLINEAR  SONIC  PHENOMENA 

As  noted  In  the  Introduction  to  this  report,  we  have  aimed  not 
only  at  ascertaining  effects  produced  In  the  boundary  layer  by  a  local¬ 
ized  oscillatory  disturbance,  but  also  effects  irtilch  might  be  associa¬ 
ted  with  localized  secondary  acoustic  phenomena,  e.g.,  the  generation 
of  steady  circulatory  flows  (acoustic  streaming)  In  the  vicinity  of  the 
localized  acoustic  source.  Acoustic  streaming  phenomena  of  the  type 
one  might  expect  to  occur  for  our  situation  have  been  described  by 
Ingard  and  Labate  (Ref.  l6). 

Attempts  were  made  to  study  such  flows  as  might  exist  near  the 
circumferential  silt  In  the  test  body  by  means  of  smoke  visualization 
techniques  by  Introducing  smoke  through  the  silt.  Some  small  scale 
circulatory  streaming  motion  was  observed  to  occur  near  the  edges  of 
the  silt.  These  observations  were  made  only  In  the  absence  of  a  mean 
flow  In  the  tunnel  using  moderately  large  (in  the  vicinity  of  125-130 
db)  excitation  anqplltudes,  because  superposition  of  a  memi  flow  Imme¬ 
diately  obscured  details  of  any  circulatory  phenomena  occurring  In  the 
boundary  layer.  It  appears  that  the  mean  flow  obliterates  the  ob¬ 
served  circulation  for  all  conditions  studied.  This  Is  borne  out  by 
use  of  the  hot  wire  anemometer;  the  characteristics  of  the  mean  flow 
in  the  boundary  layer  are  vtnchanged  even  though  circulatory  effects 
are  observed  without  flow. 

All  results  reported  previously  In  this  report  are  ascrlbable  for 
the  most  part  to  the  oscillatory  nature  of  the  localized  sonic  excita¬ 
tion  when  viewed  In  the  light  of  the  Tollmlen-Schllchtlng  stability 
theory.  On  the  basis  of  these  results  It  thus  appears  that  secondary 
sonic  phenomena  such  as  acoustic  streaming,  when  generated  In  a  laminar 
boundary  layer,  have  no  observable  effect  on  the  Incipient  development 
of  boundary  layer  Instability. 

We  do  not,  of  course,  conclude  that  nonlinear  effects,  taken  In 
the  general  sense,  are  unimportant  In  the  transition  process  Itself. 

As  has  been  pointed  out  by  Lin  (Refs.  7»  13)  and  others,  the  Tollmlen- 
Schllchtlng  theory  must  be  extended  to  Include  effects  of  finite  am¬ 
plitude  disturbances  In  order  to  further  understamdlng  of  the  transi¬ 
tion  process,  since  vinstable  boundary  layer  oscillations  amplify  as 
they  propagate  downstream,  thereby  eventually  Invalidating  the  assump¬ 
tion  of  small  disturbances  Invoked  In  the  development  of  linearized 
stability  theory.  Recently,  Benney  (Ref.  17)  has  presented  an  extended 
theory  of  stability  which  takes  Into  p.ccount  the  nonlinear  effects 
generated  further  along  In  the  transition  region  by  the  Tollmlen- 
Schllchtlng  boundary  layer  disturbances. 
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SECTION  VII 


SUMMARY  AND  CONCLUSIONS 

Results  described  Ip  the  preceding  sections  indicate  that  the  es¬ 
sential  effect  produced  nere  by  localized  sonic  excitation  of  a  iMttinar 
boundary  layer  is  to  induce  premature  transition  from  laminar  to  tur- 
bulent  flow.  In  general,  the  results  indicate  that  the  local  source, 
when  driven  at  moderately  low  excitation  levels,  produces  small  scale 
fluctuations  in  the  boundary  layer  in  much  the  same  manner  as  the  vi¬ 
brating  ribbon  enqjloyec?  by  Schubauer  and  Skramstad  (Ref.  6)  in  their 
earlier  studies  of  the  transition  process.  As  a  consequence  of  its  de¬ 
sign,  the  localized  source  utilized  here  does,  however,  have  a  wider 
dynamic  range  over  which  linear  fluctuations  can  be  produced  than  a 
vibrating  ribbon. 

Of  particular  interest  are  the  results  obtained  here  which  indicate 
that  small  scale  boundary  layer  oscillations  which  lie  Ithln  the  low 
frequency  region  of  stable  disturbances  (see  Figure  12)  can  in  many  in¬ 
stances  give  rise  to  Instability  by  the  mechanism  of  harmonic  generation 
as  discussed  in  Section  ITI.  This  conclusion  is  based  on  the  observa¬ 
tion  that  a  low  frequency  signal  undergoes  distortion  as  it  propagates 
downstream,  and  as  a  consequence  generates  higher  order  harmonics  which 
usually  lie  within  the  unst^ible  region  of  the  characteristic  stability 
diagram.  These  harmonics,  which  are  generated  in  the  boundary  layer 
can  thus  be  looked  upon  as  secondary  sources  of  incipient  unstable  fluc¬ 
tuations.  The  bursts  of  instability  observed  to  occur  when  using  sonic 
excitation  (cf.,  e.g..  Figure  19)  which  lies  in  the  high  frequency  re¬ 
gion  of  the  stability  diagram*  cannot,  however,  be  interpreted  by  means 
of  a  similar  hypotheses.  A  precise  explanation  of  this  phenomena  is 
yet  to  be  found. 

Results  of  experiments  performed  using  a  tripping  wire  to  Induce 
turbulence  yielded  the  Interesting  result  that  such  turbulence  could, 
in  certain  cases,  be  forestalled  by  localized  sonic  excitation.  It  is 
most  probable  that  this  result  comes  about  as  a  result  of  a  phase  can¬ 
cellation  between  the  periodic  vortex  street  shed  by  the  tripping  wire 
and  the  periodic  disturbance  produced  in  the  boundary  layer  by  the 
sonic  excitation.  This  hypotheses  is  strengthened  by  the  observations 
made  enqploylng  a  grill  to  produce  a  higher  free  stream  turbulence  level, 
which  moves  the  point  of  tra,''sitlon  nearer  to  the  localized  source. 

Here,  the  rather  irregular  shedding  produced  by  the  grill  gives  rise  to 
a  more  random  type  of  boundary  layer  turbulence  than  does  the  tripping 


*  At  a  given  Reynolds  number,  frequencies  which  yield  disturbances  to 
the  right  of  the  upper  branch  of  the  stability  curve  are  considered 
high  frequencies. 
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wire.  As  has  been  <liscussed  earlier,  no  such  forestalling  of  turbu¬ 
lence,  as  observed  for  the  tripping  wire,  is  noted  In  the  case  of  the 
grill. 

Localized  nonlinear  acoustic  phenomena,  as  discussed  earlier,  ap¬ 
pear  to  have  no  effect  on  the  Incipient  boundary  layer  disturbances, 
since  most  of  the  observed  effects  can  be  correlated  reasonably  well 
with  what  one  might  ejqpect  on  the  basis  of  conventional  stability 
theory.  It  Is  also  found  that  localized  sonic  excitation  has  no  ob¬ 
servable  effect  on  the  mean  velocity  profile  In  the  laminar  flow  re¬ 
gime. 


It  thus  appears  that  localized  sorlc  excitation  of  a  boundary 
layer  cannot  forestall  normal  transition  from  laminar  to  turbulent 
flow.  However,  what  the  extent  of  Its  beneficial  effects  may  be  in 
terms  of  affecting  heat  transfer  and  drag  characteristics  of  aero¬ 
dynamic  bodies  remains  an  open  question. 

Studies  by  other  investigators  (Refs.  l8,  19)  have  indicated  that 
3(>nlc  excitation  can  greatly  Increase  rate  of  heat  transfer  from  a 
body,  and  also  can  be  used  to  achieve  r.»3actlon8  in  overall  drag.  In 
the  former  situation,  one  would  expect  uhat  premature  initiation  of 
turbulence  would  Indeed  lead  to  increased  rates  of  heat  transfer  from 
an  object  exposed  to  flow.  However,  the  mechanisms  Involved  In 
achieving  drag  reduction  by  acoustic  means  remains  unknown. 
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SECTION  VIII 


AREAS  FOR  FURTHER  STUDY 

Results  of  our  present  Investigations  Indicate  that  a  promising 
approach  to  developing  more  understanding  of  the  Influence  of  surface 
Initiated  sonic  excitation  on  boundary  layer  stability  can  be  obtained 
by  employing  a  distributed  source  of  sound  In  place  of  the  localized 
sonic  excitation  system  presently  in  use.  In  this  way  It  should  be 
possible  to  generate  disturbances  that  have  the  behavior  of  surface 
waves;  i.e.^  they  are  In  essence,  restricted  to  a  thin  layer  In  the 
vicinity  of  the  surface  of  the  test  body.  As  a  matter  of  fact,  the 
localized  source  used  at  present  has  the  disadvantage  that  Its  acoustic 
field  is  spherically  symmetric;  Its  influence  Is  felt  equally  In  perpen¬ 
dicular  and  parallel  directions  to  the  wall.  On  the  other  hand,  a  dis¬ 
tributed  source  can  be  arranged  so  that  contiguous  source  elements  are 
out  of  phase,  thus  cancelling  out  most  of  the  local  symmetric  pressure 
field,  and  leaving  a  local  velocity  field  primarily  oriented  parallel 
to  the  wall,  l.e.,  in  the  boundary  lay:c. 

In  a  normal  boundary  layer  flow,  transition  will  occur  at  some 
point  on  the  test  body  even  In  the  absence  of  sonic  excitation.  In 
principle,  It  seems  feasible  that  such  transition  could  be  Influenced 
by  producing  a  wave  at  the  surface  of  the  test  body  In  such  a  way  as  to 
cancel  the  Incipient  Tollmien-Schllchtlng  wave  In  the  boundary  layer, 
thereby  rorestaiilng  tr^insltlon.  Production  of  such  a  wave  could  be 
accomplished  by  use  of  a  distributed  source.  We  have  not  Investigated 
the  practicability  of  such  a  system  for  controlling  boundary  layer 
transition.  We  do,  however,  believe  that  such  an  experiment  would  be 
worthwhile  for  It  should  lead  to  a  greater  understanding  of  the  transi¬ 
tion  process  Itself. 

It  is  worth  noting  that  recent  experimental  work  performed  by 
Kramer  (Ref.  20)  has  shown  that  considerable  reductions  In  the  hydro- 
dynamic  drag  of  an  underwater  solid  body  can  be  achieved  by  covering 
It  with  a  skin  of  flexible  material.  This  effect  has  been  ascribed  to 
the  fact  that  the  boundary  layer  remains  laminar  In  the  presence  of  the 
skin;  l.e.,  transition  is  delayed. 

It  has  been  postulated  that  the  mechanism  ’?hr/>«>by  such  a  delay  In 
transition  Is  achieved  arises  from  a  damping  oS  -..:?lplent  Tollmien- 
Schllchtlng  waves  by  the  viscoelastic  material  which  coiiq>o8es  the 
flexible  skin.  Thus,  boundary  layer  oscillations  which  would  tend  to 
amplify  as  they  propagate  downstream  are  assumed  to  be  damped  out,  with 
the  result  that  the  flow  remains  laminar. 

Recently,  Brooke-Benjamln  (Ref.  21)  has  presented  a  theory  of 
linear  stability  of  flow  over  a  con5)llant  surface,  l.e.,  one  which  can 
support  wave  motion  at  the  fluid- solid  Interface.  Briefly,  he  concludes 
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that,  depending  upon  the  damping  characteristics  and  the  compliance  of 
the  material;  as  ncll  as  the  relatloiiBhlp  of  the  fx'ee  wave  apeeci  xn  uhe 
material  to  the  speed  of  Incipient  Tollmlen-Schllchtlng  waves,  the  flex¬ 
ible  boundary  can  have  either  a  stabilizing  or  destabilizing  Influence 
on  the  flow.  One  unexpected  result  of  this  theory  is  that  in  certain 
cases  it  appears  that  the  flow  can  actually  be  stabilized  by  decreasing 
the  amount  of  damping  associated  with  the  flexible  coating,  .^hlch  in  a 
sense  amounts  to  redistributing  energy  in  the  thin  layer  of  fluid  con¬ 
tiguous  to  the  wall  in  such  a  way  as  to  reduce  the  influence  of  vis¬ 
cosity  as  a  cause  of  transition  in  the  boundary  layer.  On  the  basis 
of  Brooke-Benjamln' s  studies  it  appears  that  the  stabilization  effects 
referred  to  above  cannot  be  explained  simply  on  the  basis  of  a  damping 
mechanism,  and  hence  there  is  still  some  question  as  to  what  is  the 
precise  mechanism  whereby  transition  is  delayed.  One  may,  however,  in¬ 
fer  that  the  transition  delay  is  in  some  way  connected  with  the  propa¬ 
gation  of  "surface"  type  waves  in  the  compliant  medium  which  are  ex¬ 
cited  by  the  boundary  layer  oscillations  in  the  fluid.  It  would  thus 
appear  promising  to  study  the  active  analog  of  the  systems  described 
above,  namely,  one  in  which  a  surface  wave  is  generated  at  a  surface 


exposed  to  a  shear  flow. 
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FIG.  I  CROSS  SECTIONAL  VIEW  OF  THE  WIND  TUNNEL 
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EXCITATION  SYSTEM 
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BLOCK  DIAGRAM  OF  HOT  WIRE  ANEMOMETER  SYSTEM 
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FIG.  4  D.C.  VELOCITY  DISTRIBUTION  ACROSS  TEST 
SECTION  36 


FIG.  5  TURBULENCE  LEVEL  VERTICAL  DISTRIBUTION 
IN  TEST  SECTION  -  TEST  BODY  ABSENT 
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MEAN  FLOW  SPEED  =  50  FT/SEC 


lEASURED  D.C.  VELOCITY  DISTRIBUTION  ACROSS  THE  LAMINAR 
OUNDARY  LAYER  ON  THE  TEST  BODY 


SOUND  PRESSURE  LEVEL  INSIDE 
TEST  BODY  =  I  13  DB 
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FIG.  8  OSCILLATORY  VELOCITY  AT  THE  CIRCUMFERENTIAL  SLIT  VS. 
FREQUENCY -CONSTANT  EXCITATION  LEVEL 


SOUND  PRESSURE  LEVEL  INSIDE 
TEST  BODY  =  I  13  DB 
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FIG.  8  OSCILLATORY  VELOCITY  AT  THE  CIRCUMFERENTIAL  SLIT  VS. 
FREQUENCY -CONSTANT  EXCITATION  LEVEL 
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FREQUENCY  IN  CYCLES  PER  SECOND 


FIG.M  EXCITATION  OF  TURBULENCE  BY  SOUND 

(THE  CURVES  GIVE  THE  PARTICLE  VELOCITY  AT 
THE  SLOT  THAT  WAS  NECESSARY  TO  CAUSE 
TURBULENCE  AT  x  =  27" 
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345 


COMPARISON  OF  THE  "CRITICAL”  FREQUENCIES  WITH  THE 
THEORETICAL  STABILITY  CURVE 


HOT  WIRE  OUTPUT  IN  MILLIVOLTS 


FIG.  13  A.C.  VELOCITY  PROFILE  AS  FUNCTION  OF 
DISTANCE  FROM  TEST  BODY 
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HOT  WIRE  OUTPUT  IN  MILLIVOLTS 


FIG,  14  A.a  VELOCITY  PROFILE  AS  FUNCTION  OF 
DISTANCE  FROM  TEST  BODY 
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HOT  WIRE  OUTPUT  IN  MILLIVOLTS 


FIG.I5  A.C.  VELOCITY  PROFILE  AS  FUNCTION  OF 
DISTANCE  FROM  TEST  BODY 
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FI6.I6  A.C.  VELOCITY  PROFILE  AS  FUNCTION  OF 
DISTANCE  FROM  TEST  BODY 
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ONE-THIRD  OCTAVE  BAND  ANALYSIS  OF  ABOVE  SIGNALS 
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FIG.  18  BOUNDARY  LAYER  DISTURBANCES  FOR  VARIOUS 
EXCITATION  AMPLITUDES -HARMONIC  ANALYSIS 
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DOWNSTREAM  OF  THE  LOCALIZED  SOUND  SOURCE  LOCATED 
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FIG.  20 
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ONE-THIRD  OCTAVE  BAND  ANALYSIS  OF  ABOVE  SIGNALS 
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BOUNDARY  LAYER  DISTURBANCES  AT  VARIOUS 
DOWNSTREAM  POINTS  -  HARMONIC  ANALYSIS 
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SONIC  EXCITATION 
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•IG.23  MINIMUM  SOUND  PARTICLE  VELOCITIES  REQUIRED 
TO  CAUSE  TRANSITION  FOR  A  FREE  STREAM 
TURBULENCE  LEVEL  OF  1.3  PERCENT 
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FIG.24  MINIMUM  SOUND  PARTICLE  VELOCITIES  REQUIRED  TO  CAUSE 
TURBULENCE  IN  THE  PRESENCE  OF  A  TRIPPING  WIRE 
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